Abstract: Whole-genome sequencing is fundamental to understanding the genetic composition of an organism. Given the size and complexity of the soybean genome, an alternative approach is targeted random-gene sequencing, which provides an immediate and productive method of gene discovery. In this study, more than 120 000 soybean expressed sequence tags (ESTs) generated from more than 50 cDNA libraries were evaluated. These ESTs coalesced into 16 928 contigs and 17 336 singletons. On average, each contig was composed of 6 ESTs and spanned 788 bases. The average sequence length submitted to dbEST was 414 bases. Using only those libraries generating more than 800 ESTs each and only those contigs with 10 or more ESTs each, correlated patterns of gene expression among libraries and genes were discerned. Two-dimensional qualitative representations of contig and library similarities were generated based on expression profiles. Genes with similar expression patterns and, potentially, similar functions were identified. These studies provide a rich source of publicly available gene sequences as well as valuable insight into the structure, function, and evolution of a model crop legume genome.
Introduction
Soybean (Glycine max L. Merr.) has emerged as a model crop system because of its densely saturated genetic map (Cregan et al. 1999 ), a well-developed genetic transformation system Xing et al. 2000; Zhang et al. 1999) , and the growing number of genetic tools applicable to this biological system (Shoemaker 1999) . It is the number one oilseed crop in the world and a multibilliondollar crop for the United States (Riley 1999; SoyStats 2000) . The soybean genome contains approximately 1.12 × 10 9 base pairs per haploid genome, making it about half the size of the maize (Zea mays) genome, but about seven and a half times larger than the Arabidopsis genome (Arumuganathan and Earle 1991) . About 40-60% of the soybean genome consists of repetitive sequences (Goldberg 1978; Gurley et al. 1979) .
Genome sequencing is the cornerstone of functional analysis and is fundamental to understanding the genetic composition of an organism. Whole-genome sequencing is currently underway for rice (Oryza sativa) and is essentially complete for the five Arabidopsis chromosomes with gap filling and annotation now in progress (Theologis et al. 2000; Salanoubat et al. 2000; Tabata et al. 2000; Mayer et al. 1999; Lin et al. 1999) . Because of the size and complexity of the soybean genome, it is unlikely that the entire genome will be sequenced in the near future. However, the composition and general structure of the soybean genome has been estimated by the genomic sampling of nearly 2700 genomic sequences from more than 600 mapped loci (Marek et al. 2001) . Using other sampling approaches, genes with differential expression in various organs and tissues, as well as in different temporal, environmental, and biological milieux, may be identified. This programmed clustering of the data provides essential information about the regulation of genes and the metabolic regulation of the organism.
For nearly two decades, random sequencing of gene transcripts has been recognized as a simple and efficient method of identification of many of the expressed genes in an organism (Putney et al. 1983; Adams et al. 1991) . These expressed sequence tags (ESTs) have become a valuable and efficient method for gene discovery (Sterky et al. 1998; Hillier et al. 1996; Marra et al. 1999a ). When sampling is truly random, the frequency of any given EST is related to differentials in gene expression (Adams et al. 1995; Manger et al. 1998; Tanabe et al. 1999; Ewing et al. 1999) . ESTs also provide an opportunity to study gene evolution, to make comparative analyses between genera, and when coupled with genetic mapping, to identify candidate genes for important biological processes and phenotypes (Hatey et al. 1998) .
Global, multi-tissue EST projects have been reported for Arabidopsis (Delseny et al. 1997) , rice (Ewing et al. 1999) , and maize (Fernandes et al. 2002) . More specialized, tissuespecific EST projects have been reported for root hair enriched Medicago truncatula tissue (Covitz et al. 1998) , flower buds of Chinese Cabbage (Brassica campestris subsp. pekinesis) (Lim et al. 1996) , and wood-forming tissues of poplar (Populus spp.) (Sterky et al. 1998) . To date, no reports exist of global, multi-tissue EST analyses from a major crop legume.
Here we report on the progress of a public EST project for soybean. At this time, we have analyzed more than 120 000
ESTs generated from more than 50 cDNA libraries representing a wide range of organs, developmental stages, genotypes, and environmental conditions. Through these analyses, we have been able to demonstrate correlated patterns of gene expression across cDNA libraries. As a result, we have been able to develop gene expression profiles across libraries and group cDNA libraries with similar EST composition and genes with similar expression patterns and potentially similar functions. These studies provide a large resource of publicly available genes and gene sequences and provide valuable insight into the structure, function, and evolution of a model crop legume.
Methods and materials

Library construction
cDNA libraries were prepared from tissues representing a wide range of plant developmental stages, organs, genotypes, and biotic and abiotic challenges. Complementary DNA was synthesized from mRNA using a primer consisting of a poly(dT) sequence with a XhoI restriction site. After XhoI digestion, EcoRI adapters were ligated to blunt-ended cDNA fragments. cDNAs were directionally cloned into the EcoRI-XhoI restriction site of pBlueScript II SK+ vector (Stratagene, La Jolla, Calif.). Some libraries were prepared from DNA synthesized from mRNA using a poly(dT) primer with a NotI restriction site. SalI linker adapters were ligated to the blunt-ended cDNA fragments followed by NotI digestion. The cDNA fragments were then directionally cloned into the NotI-SalI site of the pSPORT 1 vector (Invitrogen Life Technologies, Carlsbad, Calif.). Other libraries were directionally cloned into the EcoRI-NotI site of pT7T3-Pac (Pharmacia, Peapack, N.J.), and in the EcoRI-XhoI site of pBlueScript II SK+ (Stratagene). The ligated cDNA fragments were then transformed into DH10B (Gibco BRL, La Jolla, Calif.) or XL 10-Gold (Stratagene, La Jolla, Calif.) host cells.
Clone preparation and sequencing
After plating the bacteria containing the cDNA libraries, colonies were picked robotically and assigned a unique identifier. Glycerol stocks were prepared in 384-well format. Stocks of the cDNA clones to be end-sequenced were sent to the Washington University Genome Sequencing Center (Washington University, St. Louis, Mo.) in 384-well format. Clones were transferred into 96-well blocks and incubated at 37°C for 24 h while shaken at 297 rpm in an incubator shaker. Clones were processed according to Marra et al. (1999b) using a high-throughput 96-well microwave protocol. Dideoxy terminator sequencing reactions were conducted as described in Hillier et al. (1996) .
cDNA size determination
Electrophoresis of restriction enzyme-released cDNA inserts was conducted on 2.0% agarose gels containing 48 µg ethidium bromide/L. Gels were cased into trays containing slots for four combs, each forming 24 sample wells with two flanking wells for size standard markers. Thus, each gel accommodated 96 samples. Electrophoresis was conducted in 1× Tris-acetate-EDTA (TAE; 40mM Tris-acetate -1 mM EDTA) plus 20 µL of ethidium bromide (10 mg/mL) at 2.1 V/cm for approximately three hours. Gels were visualized using a FluorImager SI (Molecular Dynamics, Sunnyvale, Calif.). Sizes of restriction fragments were obtained interactively using FragmeNT Analysis version 1.1 (Molecular Dynamics) and comparison with the DNA size markers (Marker IV, Boehringer-Mannheim).
Sequence analysis and annotation
Bases were initially called from the gel trace files using the PHRED basecaller (Ewing et al. 1998 ) and subsequently trimmed of vector sequence and evaluated for quality. A dbEST format file was automatically generated for each trace. Basic information such as library name, primer used, directionality of clone, etc. was included in this file. BLASTN (Altschul et al. 1997 ) was run on trimmed sequences against a sequencing vector database to verify that the expected sequencing vector was removed. Repeat sequences were masked and potential contaminants removed by screening the sequences against databases for structural RNA sequence, bacterial sequence, mouse and human mitochondrial sequence, plant mitochondrial sequence, plant chloroplast DNA sequence, and plant rRNA sequence. BLASTX (Altschul et al. 1997 ) was run on trimmed sequences against GenBank's non-redundant (nr) protein database to detect similarities to known genes. Only the singlebest match was reported. After completing these analyses, the dbEST-format submission file was submitted to dbEST.
Contig assembly
ESTs from individual Glycine spp. libraries were assembled into contigs using the default parameters of CAP3 (Huang and Madan 1999) . Incorporation of ESTs into a contig required at least 95% sequence identity and a minimum of a 40-bp overlap. The CAP3 assembly program was also used to assemble the entire Glycine max EST database. However, because of the large size of the database (>121 000 ESTs) a stepwise protocol was implemented by which the most abundant ESTs were assembled into contigs and the remaining ESTs were then added to this assembly using the ZmDBAssembler (http://www.zmdb.iastate.edu/ zmdb/EST/assembly.html; this script determines preliminary clustering on the basis of sequence similarity reported by BLASTN (Altschul et al. 1997 ) and derives final contigs by application of CAP3 on the preliminary clusters). Consensus sequences of the resulting contigs and singletons were used to obtain nearest matches in SWISSPROT using BLASTX (Altschul et al. 1997 ).
Cluster analysis
Both contigs and libraries were clustered with respect to expression profiles as described in Ewing et al. (1999) . To diminish a statistical bias, libraries containing less than 800 ESTs and contigs containing less than 10 ESTs were removed from the cluster analysis. In addition, nonrandomly sampled or reracked libraries (Gm-r1021, -r1030, and -r1070), as well as libraries classified as "other", were excluded from the clustering analysis. Pearson's correlation coefficients (r) for both interlibrary and intercontig profile comparisons were determined for the remaining 1763 contigs and 42 libraries as described in Ewing et al. (1999) ; however, in our analysis, percentage data (counts/library size) were used instead of raw EST counts. Euclidean distances (d) between vectors of correlation coefficients were determined as described in Ewing et al. (1999) and dendrograms were constructed by the UPGMA method (Phylip 3.5c ; Felsenstein 1989) . These dendrograms were used to reorder the original data such that libraries and contigs with similar expression profiles grouped together. To facilitate qualitative visualization, contig expression profiles were normalized with respect to contig size. Normalized contig profiles that had the lowest (d < 18) and highest (d > 85) distances compared with an evenly distributed profile (i.e., approximately 2.4% expression in each of the 42 libraries) were described as the most uniformly and non-uniformly expressed contigs, respectively. Identification of the most highly expressed contigs was based on average percent expression over all libraries.
Results and discussion
Forty-nine directionally cloned cDNA libraries were constructed representing a wide range of soybean genotypes, organs, and developmental stages (Table 1) . These libraries were randomly sampled and sequenced at the 5′ end and a total of 104 985 EST sequences were submitted to dbEST. All of our analyses involving expression profiles and clustering were based on this random sample. Another library (Gm-r1030; 3073 ESTs) represented a reselection of clones after filter normalization to identify low-copy number cDNAs. Two additional libraries (Gm-r1021 and Gm-r1070; 3274 and 7360 ESTs, respectively) consisting of 3′ end sequences were generated for the purposes of developing a unigene set of clones and will be detailed in another report. All other soybean ESTs from a number of independent dbEST submissions were included in a general category of "other", but were not considered in further clustering analyses (Table 1) . Thus, more than 120 000 soybean ESTs are characterized in Table 1 , and approximately 105 000 met our criteria for consideration for clustering analysis.
After editing, the average length of sequences submitted to dbEST was 414 bases. Based on stringent sequence similarity, the set of ESTs was assembled into 16 928 contigs and 17 336 singletons, together comprising a set of 34 264 unique gene fragments ("unigenes"). The depth of each library is estimated by its sequence redundancy (number of contigs plus singletons divided by the number of ESTs in this library). This value is influenced by the size of the library (Fig. 1A) . As more cDNAs are randomly selected from a library, more redundancy is observed. Among the 49 libraries, the average unigene composition was 75% (Table 1) , but ranged from 44 (cotyledons) to 93% (apical shoots). This range is not unexpected given the high redundancy of gene messages in developing cotyledons and the complex gene expression expected from meristematic tissue. Neither the average contig size (number of ESTs in a contig) nor the average contig length are appreciably affected by the number of ESTs sampled from each library (Figs. 1B and 1C) . These values suggest that EST sampling for each library was mostly far from being exhaustive, yielding a high genediscovery rate.
Including the 3′ sequences and considering all libraries in the assembly, the average size and length of each contig was six ESTs and 788 bases, respectively ( contigs consisted of more than 100 ESTs ( Fig. 2A) , whereas in some cases the contig length exceeded 3000 bp (Fig. 2B) . Deduced amino acid sequences of the EST contigs were compared with sequences within SWISSPROT. Highly significant matches (E ≤ 10 -10 ) occurred 30.7% of the time. A total of 13.4% of the sequences returned no matches (Fig. 2C) . This fraction contains contigs of mostly untranslated mRNA as well as potentially novel genes.
Library clustering
After excluding libraries with less than 800 ESTs and all contigs with less than 10 ESTs, a total of 1763 contigs were used to cluster 42 libraries with respect to their expression profiles (Fig. 2) . For each contig, the number of ESTs from each library was tabulated to create an expression profile. The numbers of ESTs comprising this contig-library matrix were then converted to percentages of each library. A Pearson correlation matrix of pairwise library-library comparisons was generated and the values from this matrix were used to generate a pairwise Euclidean distance matrix. Finally, UPGMA analysis was used to create a dendogram comparing the library expression patterns (Fig. 3) .
In this analysis, libraries with similar EST composition and levels appear together on the dendogram. In most cases, libraries generated from similar organs tended to cluster together, i.e., root libraries and seed coat libraries, regardless of the genotype from which they were derived (Fig. 3) . In other cases, such as with young cotyledon libraries, different genotypes seemed to present very different expression profiles. For example, in the case of flower-related libraries, those from the cultivar Williams 82 clustered together within the same clade, whereas libraries from the cultivars Corolla and Raiden were distinctly separate. Leaf libraries also tended to cluster together with some exceptions. Seedling libraries from the cultivars Williams and Williams 82 had similar expression profiles, whereas seedling libraries Gm-c1048, -c1049, and -c1050, generated from a nearisogenic derivative of the cultivar Clark representing a unique compilation of gene combinations (Shoemaker and Specht 1995) , presented library expression profiles distinct from other leaf and seedling libraries. These differences were also apparent among developmental stages. An immature flower library and a vegetative bud library from the cultivar Williams 82 were more closely related to each other than to a mature flower library from the same cultivar. In addition, a flower meristem library from the genotype 'Corolla' and a mature flower library from the cultivar Raiden presented very different expression profiles from each other and from the 'Williams 82' libraries (Fig. 3) .
Two-dimensional representations of gene and library clustering
To combine clustering data for contigs and libraries, a pairwise contig-contig Pearson correlation matrix was generated as above. Euclidean distances were then generated for all contig comparisons and these distances were used to generate dendograms showing relatedness of expression profiles of contigs. The two dendograms, contig-contig and librarylibrary, were then used to reorder the original percentagebased matrices so that libraries and contigs with similar expression profiles grouped together. Values were normalized with respect to contig size to facilitate visualization. This resulted in a two-dimensional qualitative representation of contig and library similarities based on expression profiles (Fig. 4) .
Not surprisingly, seed composition-related genes, such as seed storage protein genes, clustered together. An examination of the two-dimensional representation shows that the highest level of expression of these genes is found in only a few libraries (Gm-c1007, -c1010, and -c1029) corresponding to cotyledon tissue. These libraries were also clustered, indicating that they had similar global patterns of gene expression. Other examples of correlated expression with specific libraries were seen. For example, photosynthesis-related genes were found mainly among libraries whose cDNAs were derived from green tissues, whereas nodulin and leghemoglobin genes were found only in tissue from soybean nodules (Fig. 4) .
The predicted most highly expressed genes, based on their average percentage in all libraries, are shown in Fig. 5A . As expected, several photosynthetic genes as well as Rubisco small-subunit genes were found in high levels. Interestingly, various isoforms of the Rubisco genes were observed. Their expression profiles among different libraries suggest that dif-Genome Vol. 45, 2002 ferential expression may occur among members of this family. Metallothionein-like genes and stem glycoprotein genes also showed differential expression patterns among family members. Other highly expressed genes were observed only in a single isoform. For example, caffeic acid 3-Omethyltransferase was found to be highly expressed in a breadth of material ranging from seedling to senescing tissue. This gene has recently been implicated in the process of lignification in legumes (Guo et al. 2001) .
These analyses also allowed for the identification of genes that are uniformly expressed across a wide range of libraries. Not surprisingly, ubiquitin isoforms are found in this category (Fig. 5B) . Some ESTs were observed at relatively high levels in only one or a few specific libraries (Fig. 5C ). For example, heat-shock gene transcripts were highly abundant in library Gm-c1031. This library was derived from whole seedlings of the cultivar Williams, minus cotyledons, that were heat shocked for 1 h at 40°C. Leghemoglobin and nodulin gene transcripts were observed at high levels in library Gm-c1020 (root nodule library). A putative antherspecific APG precursor gene product appeared at high levels in library Gm-c1019, a library made from seed coats of immature 200-300 mg seeds. However, the low E value associated with this annotation (2.0 × 10 -9 ) suggests that the gene product may actually represent a similar but unrelated proline-rich protein. Isocitrate lyase, a lipid mobilization enzyme normally detectable during late stages of embryo development, was identified in library Gm-c1027 (young cotyledons) with high E values (2.0 × 10 -43 ). Viral coat protein isoforms made up a significant percentage in libraries Gm-c1016 and -c1061, cDNA libraries made from mature flower of the cultivars Williams 82 and Raiden, respectively. Both samples were taken from field-grown plants and it is possible that these isoforms are present because of viral contamination or infection of the materials.
Examination of EST profiles across a wide range of organs, genotypes and environmental conditions may provide important information for analysis of gene function. Overlapping patterns of expression provide clues about the interrelationships of genes and gene groups. However, several conditions must be considered before relying upon EST expression profiles for this purpose. First, it must be assumed that each library is produced in a similar fashion and represents an unbiased and representative sampling of the transcripts present in the source tissue. Second, the ESTs must be assumed to represent a random sampling of the cDNAs present in the library. And third, enough redundancy must be present among the ESTs to provide meaningful estimates of levels of expression.
The identification of isoforms of many gene products probably reflects the ancient polyploidy of the soybean. It is thought that as many as 70% of all plant species are polyploid in origin, including the model plant species Arabidopsis (Grant et al. 2000; Vision et al. 2000) . Analysis of RFLP patterns suggest that more than 90% of the nonrepetitive sequences in soybean are present in two or more copies and the duplicated regions of soybean are readily identifiable by examination of hybridization-based genetic maps (Shoemaker et al. 1996) .
The two-dimensional clustering of genes by expression profile presented here identifies genes that act in concert as well as the tissues in which they act. This method allows the identification of co-regulated genes that may not be intuitively recognized as such without this type of data analysis. With increasing numbers of ESTs representing a wide range of source tissue being deposited into public databases daily, it may become possible to conduct comparative analyses between ESTs of different species. These comparisons would provide insight into inter-specific gene evolution at the structural and functional levels.
